Southern blot hybridization techniques were used to estimate the extent of chloroplast DNA sequences present in the mitochondnal genome of cowpea (Vigna unguiculata L.). The entire mitochondrial chromosome was homogeneously labeled and used to probe blotted DNA fragments obtained by extensive restriction of the tobacco chloroplast genome. The strongest cross-homologies were obtained with fragments derived from the inverted repeat and the atpBE cluster regions, although most of the clones tested (spanning 85% of the tobacco plastid genome) hybridized to mitochondrial DNA. Homologous chloroplast DNA restriction fragments represent a total of 30 to 68 kilobase pairs, depending upon the presence or absence of tRNA-encoding fragments. Plastid genes showing homology with mitochondrial DNA include those encoding ribosomal proteins, RNA polymerase, subunits of photosynthetic complexes, and the two major rRNAs.
Higher plant cells contain three genetic systems, nuclear, pt,2 and mt, each of which has specific polymerases, tRNAs, and ribosomes. In spite of this compartmentalization, several studies have shown extensive interorganellar DNA transfer. Following the original work by Stern and Lonsdale (23) , who reported the presence of a 12 kb sequence in both the cp and mt genomes of maize, several other species were shown to share widespread homologies between the different types of DNAs (9, 13-16, 20, 22, 23, 25, 26) . Plastid DNA appears to integrate into the mitochondrial genome at random, without relation to the function of the genes (26) . Homologous sequences include genes for rRNAs (23) , tRNAs (13) , and photosynthetic or nonphotosynthetic polypeptides (14, 15) . Although most of these "promiscuous" sequences are not expressed (7, 23) , some plastid genes may play a functional role in the mitochondrion (3) (4) (5) 28) . Plastid tainly transcribed and processed by mitochondrial enzymes both in vivo (13, 28) and in vitro (12) .
Although the presence of ptDNA sequences in the mitochondrial genome has been described for many 
Digestion of DNAs and Hybridization Experiments
Construction of tobacco cpDNA clones in pUC9 has been described (1 1). Isolation of bacterial plasmids, digestion with restriction enzymes, and agarose electrophoresis were carried out following standard procedures (10) . Acid pretreatment of the gels and capillary transfer to nylon membranes (Zeta probe, Bio-Rad) were carried out according to Reed and Mann (19) . Labeling of DNA was performed by random priming (6) . Hybridization (60°C for 24 h), preparation of the hybridization buffer, and washing of the filters were performed as described (19) . The filters were exposed to x-ray films (Kodak X-Omat AR) at -70°C with intensifying screens. Densitometric scanning of the developed films was carried out using a Gilford Response II spectrophotometer.
RESULTS AND DISCUSSION
The degree of homology between organellar DNAs in cowpea was studied using the entire mitochondrial genome as hybridization probe against isolated cpDNA fragments. This approach relies heavily on the purity of the mtDNA used and its homogeneous labeling. Because cross-contamination between organelles is always difficult to ascertain, the following experiment was carried out: blots of cowpea cpDNA and mtDNA digested with BamHI and PstI were hybridized against fragment Pst6 from tobacco cpDNA (21) . In this way, plastid DNA eventually contaminating mtDNA could be easily identified by comparison with bona fide cpDNA restriction fragments. As shown in Figure 1 , Pst6 hybridized in general to different restriction fragments of mtDNA or cpDNA from cowpea. This result indicates that contamination of mtDNA with plastid sequences, if any, was undetectable under our hybridization conditions. Nuclear DNA contamination was also negligible in our mtDNA samples. Plant nuclear DNA is very imperfectly 
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. : . . . ' . ' , ' l . . . ' : n cleaved by PstI due to extensive cytosine methylation (2, 18) and would have been conspicuous in agarose gels as a slow migrating broad band, which is not the case (Fig. 1, lane 2) . The use of tobacco cpDNA clones is justified because the tobacco plastid genome has been completely sequenced so that the positions of all genes and restriction sites are known (21) , whereas no detailed restriction map of the cowpea chloroplast genome is available at present. Plastid DNAs from tobacco and some species closely related to cowpea (i.e. Vigna radiata) are largely coextensive (17) , except for a 50 kb inversion located in the atpA region of the large single copy domain that is shared by all genera examined in the Fabaceae (17) . Even so, gene order within this inversion is highly conserved with respect to all other land plants (17) , so that preparations from tobacco can be safely used in hybridization experiments with cowpea mtDNA.
Cloned PstI and XhoI fragments spanning about 85% of HindlIl-restricted, primer-extended mtDNA (right side). The filters were exposed to x-ray films at -700C for 24 h, except in the case of Pst4 and Xho6, in which the exposure time was 72 h.
the tobacco chloroplast genome (21) were restricted with different enzymes, yielding more than 70 fragments of 0.5 to 15 kb (Table I ). All the cpDNA clones used hybridized against 32P-labeled cowpea mtDNA except Pst4 and Xho6 (Fig. 2) .
Mitochondrial DNA digested with HindIII, PstI, or BamHI was included in a lane next to the chloroplast fragments tracks and self-hybridized to ensure that the probe was uniformly labeled (Fig. 2B) . From these data, the copy number of mtDNA restriction fragments was determined by densitometric scanning of the developed x-ray films. Results obtained with the different restriction patterns gave an average size of 340 ± 20 kb for the cowpea mitochondrial genome.
Chloroplast-derived fragments that gave cross-hybridization with the mtDNA probe are shown in Table I , and their distribution along the tobacco chloroplast genome is given in Figure 3 . They span about 68 kb ofthe cpDNA genome. Even after subtracting those fragments encoding cp tRNAs, which (21) .
are highly homologous to indigenous mt tRNA genes (18) , there were 16 fragments (approximately 30 kb) that contained sequences of presumed plastid origin (Fig. 3) . They include genes encoding for ribosomal proteins, subunits of the chloroplast RNA polymerase and H+-ATPase, the A subunit of the NADH dehydrogenase, the large subunit of ribulose-1,5-bisphosphate carboxylase, peptides of the PSI, PSII, and Cyt f/b6 complexes, rRNAs (16S and 23S), and open reading frames.
The reverse experiment was carried out to confirm the results described in Figure 2 . That is, the original cpDNA clones of Table I were used as probes against blotted mtDNA digests (exemplified in Fig. 1 for Pst6). A number of mtDNA fragments, which amounted to about 100 kb, hybridized with the chloroplast probes (not shown). Once more, clones Pst4 and Xho6 failed to give any detectable signal.
Hybridization strengths varied widely among homologous cpDNA fragments, with the strongest signals corresponding to fragments derived from clones Pst6 and Xho4 ( Fig. 2A,  lanes 6 and 8) . These two fragments share a region in the inverted repeat domain of the tobacco chloroplast genome (Fig. 3) that contains an open reading frame encoding a putative peptide of 1708 amino acids (21) . However, the significance of this is unclear, because most of the region is deleted in the plastid genomes of other species (27) . A second region showing high homology (Fig. 2B, lane 1) corresponds to a 4.5 kb fragment encoding the atpBE genes and tRNAs. This region has been shown to be involved in interorganellar exchange in other species (14, 16, 25) .
Homologous cpDNA fragments that contained a single gene include psaA, rbcL, ndhB, rps7, 23S rRNA, and rpsl2 (Table I) . Hybridizing sequences were randomly distributed along the tobacco chloroplast genome, with no preferred regions (Fig. 3) . This distribution is similar to those reported previously for mung bean (25) and Brassica (16) .
We conclude that the appearance of DNA sequences homologous to chloroplast DNA in the mitochondrial genome of cowpea follows in general the patterns reported for other species, both in mode (i.e. randomly) and in the genes involved in this exchange. Restriction and gene maps of the cowpea mitochondrial genome will certainly help to elucidate if other aspects of the transfer mechanism are also common. Work is now in progress to answer these questions.
